Fungal contaminants present in peanut kernels are a concern to processors and consumers due to their association with quality deterioration and mycotoxin production. Reliable and accurate detection of fungal infection is essential in order to select high-quality peanut kernels for processing. Many methods have been developed for detecting fungi in foods and beverages (15) . In addition to methods used for direct enumeration of fungal propagules, indirect quantitative methods such as estimation of cell wall chitin (16, 23) , estimation of carbon dioxide production (26) , instrumental measurement of electrical impedance, ATP quantitation, and enzyme-linked immunosorbent assays have been applied for detecting fungi and assessing the extent of infection of foods (15, 17, 19) . However, dead fungi cannot be enumerated by culture methods. Microscopic methods for detecting mycelium lack precision. Significant variation in mycelium composition or metabolites among fungal species leads to difficulty in quantitative determination. Problems also include effective separation of mycelium from food materials and labor and equipment costs. In the literature, measurements of changes in food composition to estimate fungal contamination have been given only meager attention. Certain general measures of food quality, particularly for raw materials such as grains, oilseeds, and nuts, that not only indicate nutritional value but also offer an approach to estimate fungal contamination may have special value in food quality assurance.
Changes of chemical composition of peanut kernels as a result of fungal infection are inevitable. Proteins, lipids, free and total amino acids, and free fatty acids are reported to change significantly when peanuts are infected with Aspergillus flavus or A. parasiticus (8, 12) . Changes in soluble proteins and enzymes as indicators of infection of peanuts with A. flavus also have been reported (9) . In this study, peanut kernels initially inoculated with A. parasiticus and other aspergilli as well as noninoculated kernels were incubated under a humidified atmosphere to facilitate fungal growth. Fungal population size, moisture and sucrose contents, and free amino acid composition were determined. Correlation coefficients between fungal population sizes obtained by growth on two enumeration media, changes of specific peanut compositional contents and incubation time, and fungal population and changes in specific components were analyzed for level of significance.
MATERIALS AND METHODS

Peanuts.
Freshly harvested, sun-dried, shelled, hand-sorted, and size-graded peanut kernels (Tainan 9, a Spanish cultivar) were used in this study. Kernels were sealed in polypropylene bags and stored at Ϫ25ЊC until used. Sealed bags of kernels were removed from the freezer and tempered at the ambient temperature (25 to 30ЊC) overnight before opening.
Isolation and identification of peanut-related aspergilli. In addition to A. parasiticus NRRL 2999, aspergilli isolated from kernels of in-shell peanuts which had been stored for 2 years under the ambient conditions were used as inocula. The isolation procedure reported by Pitt et al. (21, 22) was followed, with minor modifications. Peanut kernels were surface disinfected with household chlorine bleach (Clorox) containing 1.0% NaOCl for 1 min, desorbed with paper, direct plated on yeast-malt agar (YMA; containing 0.3% yeast extract, 0.3% malt extract, 0.5% peptone, 1.0% dextrose, and 2.0% agar) and incubated at 25ЊC for 3 days. Mycelia which developed on the kernel surface were transferred with a sterile loop to YMA. After 3 days at 25ЊC, colonies formed were then cultured on YMA slants for an additional 3 days and stored at 5ЊC until used to produce inocula for experiments. Aspergilli obtained by this procedure were identified as A. flavus, A. niger, and A. ochraceus by the Culture Collection and Research Center, Food Institute of Development and Research, Hsinchu, Taiwan.
Inoculation of peanut kernels and incubation. For inoculum preparation, A. parasiticus and three other Aspergillus species isolated from peanut kernels were cultured on YMA at 25ЊC until extensive formation of conidia was observed (ca. 10 to 14 days) and were then used as inocula for peanut kernels. Twenty peanut kernels were placed in each of several petri dishes. For inoculation, five kernels were aseptically placed on the surface of YMA on which colonies of Aspergillus cultures had grown. The kernels were then placed in a petri dish containing 20 peanut kernels and gently agitated to distribute the inoculum. The inoculum was 2.0 ϫ 10 4 to 8.5 ϫ 10 4 CFU/g of peanut kernels, as determined by plating appropriately diluted suspensions of washed kernels on oxytetracycline-glucoseyeast extract agar (18) and incubating them for 3 days at the ambient temperature. For a control experiment, a series of petri dishes containing 25 noninoculated kernels was also prepared and incubated concurrently for assessment of natural fungal contamination. Peanut kernels were placed on a rack above water in a sealed desiccator and incubated at 25ЊC. The positions of the dishes were changed every 3 or 4 days. One petri dish containing peanuts subjected to each treatment was removed at 0, 1, 2, 3, 5, and 7 weeks; sealed with paraffin film; and stored at Ϫ25ЊC until further analyses. The sealed petri dishes were removed from the freezer and tempered at the ambient temperature (25 to 30ЊC) overnight before opening. For determination of the moisture content of peanut kernels during incubation, noninoculated kernels (25 for each time period) were incubated and sampled by the same procedure described above. Kernels were dried at 105ЊC until a constant weight was reached. Moisture content was calculated by determining changes in weight loss and expressed on a dry weight basis. Water activities of the kernels during incubation were determined based on moisture contents and referred to the humidity isotherms for whole peanut kernels of the same cultivar constructed previously (10) . For observation of peanut kernel germination after incubation, each kernel was visibly examined. Kernels with germ tubes longer than 1 mm were counted as germinated seeds.
Fungal enumeration. Fungal populations inside peanut kernels were determined by the methods of Pitt et al. (21, 22) . A. flavus and A. parasiticus agar (AFPA; containing 1.0% bacteriological peptone, 2.0% yeast extract, 0.05% ferric ammonium citrate, 0.01% chloramphenicol, a 0.1% suspension of a 0.2% dichloran stock solution in ethanol, and 1.5% agar) (20) and rose bengal chlortetracycline agar (RBC) (14) were used as enumeration media. Three peanut kernels from each dish were weighed and surface disinfected with household chlorine bleach (Clorox) containing 1.0% NaOCl for 1 min and 75% ethanol for 30 s. The kernels were desorbed on paper, crushed with dental pincers, and homogenized in 99 ml of sterile 0.1% peptone solution for 1.5 min with a homogenizer (15,000 rpm) (Polytron PT Mr-3000; Kinematica AG, Littau, Switzerland). The suspensions were further diluted with 0.1% peptone. After appropriate serial dilutions, 0.1-ml aliquots were spread on AFPA and RBC plates and incubated at 25ЊC for 3 days. Duplicate experiments were conducted. To compare AFPA and RBC as enumeration media, fungal population sizes on each medium for each incubation experiment were separately subjected to linear regression analysis. Correlation coefficients and slopes of the lines obtained were determined.
Compositional analyses of peanut kernels. Peanut kernels were freeze-dried, deskinned, and then ground in a coffee mill to prepare meal. Partially defatted peanut flour prepared from the meals with n-hexane (Ϫ20ЊC) were used for compositional analyses (11) . Methanol-chloroform-water extracts were prepared for sucrose and free amino acid analyses (11, 24) . Amino acid composition was determined with an automatic amino acid analyzer (AAA LC-3000; Biotronik, Posttach, Germany). The amino acid content was expressed as milligrams per gram of protein in each defatted flour used for methanol-chloroform-water extraction. Protein content was determined by the Kjeldahl method for nitrogen quantitation (2), using 5.46 as the conversion factor. For showing the general trends of compositional changes of peanut kernels infected with various fungal species, all data obtained at each incubation time were consolidated by analysis of variance (ANOVA).
Statistical analysis. Duplicate experiments were conducted. Means with standard deviation for determinations of moisture and sucrose content are reported. ANOVA was applied to analyze the variance in determinations of free amino acid contents of the infected peanut kernels as affected by incubation time. The analysis was followed by each-pair comparisons using Student's t test. Linear regressions and correlation analyses between specified variables were determined by using JMP software (SAS Institute Inc.) for statistical visualization.
RESULTS AND DISCUSSION
Changes of moisture content and seed germination of peanut kernels during incubation. Increase of moisture content of noninoculated peanut kernels incubated in a humidified environment (relative humidity, 100%) at 25ЊC for 7 weeks is shown in Fig. 1 . The moisture content of the kernels increased from 5.8 to 11.3% (dry basis) after 1 week of incubation. During the 7-week incubation period, the moisture content continued to increase up to 20.4%. From humidity isotherms for whole peanut kernels (10), the water activity of the kernels in the first week was increased higher than 0.80 and enabled fungal contaminants of peanut kernels to grow.
No germinated kernels were observed during incubation. In general, seeds germinate when sufficient moisture is present. In soil, seedlings should emerge not when there is just enough water to support germination but rather when the soil has enough water to sustain subsequent plant growth (5). In addition, the rate of water penetration into seeds is critical to the success of germination. If water uptake is too slow, germination is reduced or terminated, perhaps because of fungal infection or accelerated deterioration (25) . In this study, the moisture content of peanut kernels during incubation increased slowly through vapor adsorption from the atmospheric environment. In the presence of fungal contaminants, viability of the kernels might diminish before the germination process is initiated.
Internal fungal population of peanut kernels. Increases of internal fungal populations in noninoculated peanut kernels (infected with natural contaminants) and peanut kernels inoculated with A. parasiticus, A. flavus, A. niger, and A. ochraceus and incubated in a humidified environment (relative humidity, 100%) at 25ЊC for 7 weeks are shown in Fig. 2 . For each incubation treatment, internal populations increased significantly with incubation time. Because kernels were surface disinfected before homogenization and further dilution, the initial fungal population of sound, noninoculated peanut kernels was very low. Internal populations during the first week of incubation were slightly lower than the inoculation level (inoculum was 2.0 ϫ 10 4 to 8.5 ϫ 10 4 CFU/g as described above) because of surface disinfection. In the first week of incubation, contaminants might grow only on the kernel surface and be effectively disinfected.
At each sampling time, the internal populations determined with AFPA or RBC as the enumeration medium were very similar (Fig. 2) . To visualize their correlation, populations obtained on each medium in each incubation experiment were subjected to linear regression analysis (Table 1) . Their linear regression coefficients (R 2 value) and slopes of the lines for the five incubation experiments ranged from 0.83 to 0.99 and 0.95 to 1.06, respectively. This indicates that AFPA is appropriate for enumerating total populations of fungal species other than A. flavus and A. parasiticus (20) . Similar observations also have been reported by Beuchat (4) and Chen et al. (7) .
Changes of sucrose and free amino acid composition. Consolidated changes in sucrose content of noninoculated peanut kernels (infected with natural fungal contaminants) and kernels inoculated with various aspergilli and incubated in a humidified environment for 7 weeks are presented in Fig. 1 . In general, the sucrose contents of the infected peanut kernels decreased significantly with time. However, a significant variation, particularly in the later stages of incubation, affected by fungal origin was observed. Sucrose is one of the predominant soluble carbohydrates in peanut seeds (1, 3) and is available as a carbon source for fungal growth. Linear regression equations of sucrose contents in peanut kernels in relation to length of incubation are listed in Table 3 . For each incubation experiment, a linear relationship between sucrose content and incubation time was obtained (R 2 Ͼ 0.80). However, slopes of the lines varied depending on the fungal species used to inoculate kernels.
Changes in amino acid composition of peanut kernels inoculated with various aspergilli and noninoculated peanut kernels during incubation in a humidified environment varied greatly as a function of the individual amino acid, fungal species, and length of incubation (Table 2 ). Based on ANOVA for all infected peanuts, threonine, serine, glutamic acid, glycine, alanine, cysteine, and tyrosine contents changed significantly with incubation time. For changes in the content of each individual free amino acid content as a function of length of incubation, a general trend was not observed. Since the fungi grew continuously during incubation, free amino acids probably were released by hydrolysis of proteins by fungal enzymes and consumed by fungi for growth. In this study, a dramatic change b Mean values in the same row which are not followed by the same superscript letter are significantly different (P Ͻ 0.05).
c -, insignificant (P Ͼ 0.05); *, significant (P Ͻ 0.05); **, very significant (P Ͻ 0.01).
in amino acid composition was particularly evident between 5 and 7 weeks of incubation. During this period, peanut kernels were extensively infected with fungi (Fig. 2) , resulting in marked compositional alterations. From a practical viewpoint, peanut kernels heavily infected with fungi can be detected by discoloration and are unlikely to appear in processed products. Therefore, in this study, estimation of fungal growth in relation to changes of free amino acid contents of peanut kernels was restricted to less than 5 weeks of incubation.
Some linear regression equations of particular interest between individual amino acid contents in peanut kernels and incubation time up to 5 weeks and fungal origin were extensively investigated and are listed in Table 3 . Logarithms of free threonine and tyrosine contents increased while logarithms of free glutamic acid content decreased linearly with incubation time. When linear regression equations between logarithms of internal fungal populations and logarithms of free glutamic acid contents were further measured, logarithms of the fungal population increased linearly with decreases of logarithms of free glutamic acid content (R 2 Ͼ 0.80), regardless of the species used as the inoculum or the enumerating medium. This indicates that free glutamic acid content of peanut kernels can be used to estimate fungal infection. Cherry et al. (8) soaked peanut kernels in sterile water for 5 to 6 min before inoculating them with a conidial suspension of A. parasiticus and incubating them at 29ЊC for 18 days. Free glutamic acid content decreased significantly during the early infection period (up to 12 days). In this study, peanut kernels were incubated under humidified conditions with various fungal contaminants; the moisture content of the kernels increased to support fungal growth and resulted in consumption of free glutamic acid. After 7 weeks of incubation, free glutamic acid content increased or decreased depending on the origin of the fungus and the extent of infection. Peanuts contain more free glutamic acid and/or glutamine than other amino acids (Table 2) , so the decrease of free glutamic acid content used as a primary nitrogen source by the infecting fungi is closely associated with the extent of fungal growth in the early infection period.
Since visible germination of the peanut kernels during incubation was not observed, compositional changes resulting from metabolic activities during seed germination might be very limited. For cottonseed and soybean (6, 13) , free amino acid pools expand significantly during germination. Free glutamic acid contents in the cotyledons of cottonseed at various stages of germination are always higher than their original contents in seeds before germination (6) . Therefore, changes in free amino acid composition of the peanut kernels incubated in this study resulted mainly from fungal infection. The decreases of free glutamic acid content in the infected peanut kernels were due to rapid consumption for growth.
In conclusion, internal fungal populations in noninoculated peanut kernels and kernels inoculated with various aspergilli and incubated in a humidified environment were very similar when AFPA and RBC were used as enumeration media. Infection of peanut kernels resulted in extensive compositional changes. During the first 5 weeks of incubation, logarithms of threonine and tyrosine contents increased while sucrose content and logarithms of free glutamic acid content decreased linearly with time (R 2 Ͼ 0.80). A negative linear relationship was obtained between logarithms of internal fungal populations and logarithms of free glutamic acid content of peanut kernels. Determination of free glutamic acid content in peanut kernels in the initial stages of infection appears to have potential as an index to estimate fungal contamination. 
